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PREFACE 
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CONVERSION  FACTORS,  U.  S.  CUSTOMARY  TO  METRIC  (SI) 
UNITS  OF  MEASUREMENT 


U.  S.  customary  units  of  measurement  used  in  this 

report  can  be  converted 

to  metric  (SI)  units  as  follows: 

Multiply 

By 

To  Obtain 

inches 

2.5*4 

centimetres 

feet 

0.30*48 

metres 

cubic  feet 

0.02831685 

cubic  metres 

inches  per  minute 

2.5*4 

centimetres  per 
minute 

pounds  (mass)  per  cubic  foot 

16.018U6 

kilograms  per  cubic 
metre 

horsepower  (electric) 

7*46 

watts 

electron  volts 

0.160210 

atto joules 

million  electron  volts 

0.160210 

picojoules 

volts  (international  U.  S.  ) 

1.000338 

volts 

kilovolts  (international  U.  S.) 

1000.338 

kilovolts 

milliamperes  (international  U.  S.  ) 

0.9998*4  3 

milliamperes 

British  thermal  units 

1055.056 

Joules 

decrees  (angle) 

0.017*45329 

radians 

1* 


DESIGN  AND  POTENTIALS  OF  THE  CALIFORNIUM-252 
RADIATION  FACILITY  AT  WES 


PART  I :  INTRODUCTION 

1.  In  1967,  the  Engineering  Geology  Research  Facility  at  the  U.  S. 
Army  Engineer  Waterways  Experiment  Station  (WES)  began  investigating  the 
internal  features  of  soils  with  the  radiation  from  a  100-kv*  X-ray  tube. 
The  work  established  the  applicability  of  radiation  for  studying  pre¬ 
viously  unseen  internal  features  in  coil  and  rock  through  raalation 
absorption.  Since  its  inception,  the  Radiological  Laboratory  has  ac¬ 
quired  two  additional  X-ray  units,  a  120-kv  and  a  300-kv  machine,  for 
these  studies.  Research  with  x-radiography  has  led  to  the  practical 
application  of  radiographic  inspection  to  a  wide  variety  of  studies  and 
to  routine  examinations  of  unopened  cores  and  the  selection  of  samples 
for  laboratory  testing.  X-rays,  however,  are  not  sensitive  to  the  mois¬ 
ture  in  soils.  Yet,  it  is  known  that  moisture  is  an  important  parameter 
in  the  engineering  properties  of  soils.  Neutron  radiation  was  used  to 
complement  the  X-ray  studies  with  evaluations  of  moisture.  Neutrons 
are  readily  moderated  or  attenuated  by  the  hydrogen  in  water  and  have 
been  used  for  years  as  moisture  meters  in  field  construction,  in  bore¬ 
holes,  and  in  routine  moisture  determinations  for  bulk  materials  in  com¬ 
mercial  processing  systems.  Neutrons,  however,  have  only  recently  been 
used  for  st’.'iies  of  the  engineering  properties  of  soil  and  rock  in  the 
laboratory. 


Purpose 

2.  The  purpose  of  this  study  was  to  investigate  and  develop  the 
technology,  accuracy,  and  general  applicability  of  neutron  radiation  for 


*  A  table  of  factors  for  converting  U.  S.  customary  units  of  measurement 
to  metric  (Si)  units  is  presented  on  page  U. 
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studies  01'  soil  an  1  rock.  An  essential  part  of  this  effort  was  the 
development  of  a  laboratory  installation  suitable  for  the  storage  and 
use  of  a  neutron-emitting  isotope,  plus  a  system  for  the  acquisition 
and  analysis  f  data. 


3.  After  extensive  literature  research  and  discussions,  the 
californium- 15.’  isotope  (  'f‘  was  chosen  as  the  neutron  source  pri¬ 

marily  because  of  the  large  number  of  neutrons  emitted  from  a  relatively 
small  amount  o:'  material,  its  relatively  long  half-life,  and  the  maneu¬ 
verability  of  such  a  small  source  for  the  variety  of  soil  investigations 
planned.  This  involved  securing  a  commitment  from  the  U.  S.  Atomic 
Energy  Commission  (AEC)  ’for  the  loan  of  an  appropriate  source  for  use 
in  research  and  development .  WES  was  successful  in  securing  a  loan 
commitment  from  the  AEC's  Californium  Demonstration  Center  at  Louisiana 
•'tate  University  for  a  •  . 3-  and  a  3.6-mg  source.  This  loan  was  obtained 
under  the  AEC  .’ali fornium-252  Market  Evaluation  Program.  A  facility 
suitable  for  the  housing  and  utilisation  of  a  californium  source  as 
large  as  10  mg  was  designed  with  special  effort  to  incorporate  the  ad¬ 
vance  i  safety  features. 


Properties  of  the  Californium-252  Isotope 

Jali fornium-252  has  a  half-life  of  2.65  yr.  It  has  a  neutron 
emission  that  results  mainly  from  the  decay  of  the  californium.  Such 
decay  is  97  percent  by  the  emission  of  alpha  particles  and  3  percent  by 
the  spontaneous  fission  process  that  causes  the  emission  of  2.U  x  10  ^ 
neutrons/sec  from  10  mg  of  this  material.  Table  1  lists  the  neutrons 
of  each  energy  level  and  their  abundance  per  second  from  a  10-mg  source. 

5.  In  addition  to  the  neutron  emission,  there  is  a  total  gamma 
radiation  of  1.3  *  10^  gammas/sec  from  10  mg  of  californium-252. 

These  gamma  rays  are  produced  from  three  processes — the  alpha  decay  pro¬ 
cess,  prompt  spontaneous  fission  of  the  californium,  and  the  resulting 
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fission  products  themselves.  Table  2  shows  a  tabulation  of  the  gamma 
energy  levels  and  the  abundance  of  each  in  a  10-rag  source.  The  most 
abundant  source  and  the  broadest  energy  spectrum  of  gamma  rays  emitted 
result  mainly  from  the  spontaneous  fission  (prompt  gammas)  of  the  cali¬ 
fornium.  A  less  abundant  gamma  source  of  lower  average  energy  level  is 
produced  from  the  resulting  fission  products.  In  addition,  gammas  are 
also  produced  through  neutron  capture  and  scattering  in  the  shielding 
and  surrounding  structures.  These  secondary  gararaa  energy  levels  are 
dependent  upon  the  materials  involved  in  the  interaction  and  were  also 
considered  in  the  design;  however,  they  cannot  be  represented  in  Table  2. 

6.  To  utilize  the  maximum  neutron  output  properly,  it  is  necessary 
to  shield  the  undesired  gammas  and  to  produce  a  collimated  beam  of  the 
desired  neutron  radiation.  Consideration  of  the  basic  nuclear  properties 
was  therefore  a  necessity  in  achieving  the  desired  goals. 


PART  II:  DESIGN  AND  CONSTRUCTION  OF  THE  FACILITY 


7.  A  shielded  6-  by  6-  by  12-ft-deep,  water-filled  tank  of  stain¬ 
less  steel  was  selected  as  the  basic  unit.  A  preliminary  design  was  pre¬ 
pared  which  was  based  in  large  part  on  AEC  Reports  DP-1232*  and  DP-1246.** 
A  later  extensive  review  of  the  final  WES  design  and  proposed  operating 
procedures  included  calculations  of  estimated  dose  rates  at  numerous 
points  around  the  facility.  The  study  concluded  that  by  adhering  to 
prescribed  Federal  regulations  and  the  WES  proposed  operating  procedures, 
there  would  be  no  radiation  hazard  outside  of  the  10-  by  10-ft  test 

area  to  either  operating  personnel  or  to  persons  in  existing  adjacent 
buildings.  A  plan  of  the  general  layout  of  the  facility's  components 
is  shown  in  Figure  1.  A  brief  discussion  of  each  major  component  of  the 
facility  follows.  Details  concerning  these  components  and  the  plans  used 
to  construct  the  facility  are  shown  in  Appendix  A. 

Tank  and  Shielding 

8.  The  tank  was  constructed  of  l/4-in. -thick  stainless  steel  with 
the  lower  6  ft  being  below  ground  surface.  This  lower  portion  serves  as 
a  storage  area  for  the  sources  when  not  in  use.  The  upper  6  ft  has  been 
designed  for  use  in  radiography  and  neutron  counting.  The  steel  tank 
was  prefabricated  in  two  sections.  The  lower  6- ft  section  was  tested 
for  leaks  and  lowered  into  a  7-  by  7-  by  6-ft-aeep  concrete-lined  pit 

as  shown  in  Figure  2.  The  upper  6  ft  was  then  welded  onto  the  lower 
half,  and  again  the  entire  tank  was  leak-tested. 

9.  As  part  of  the  shield  against  radiation,  a  4-in. -thick  hollow 
wall  constructed  of  5/8-in. -thick  plywood  sheets  nailed  to  standard 


?52 

*  H.  E.  Hootman,  "Estimation  of  "  Cf  Shielding  Requirements,"  Re¬ 
search  and  Development  Report  DP-1232,  1970,  U.  S.  Atomic  Energy 
Commission,  Savannah  River  Laboratory,  Aiken,  S.  C. 

**  D.  H.  Stoddard  and  H.  E.  Hootman,  "252  Cf  Shielding  Guide,"  Research 
and  Development  Report  DP-1246,  1971,  U.  S.  Atomic  Energy  Commission, 
Savannah  River  Laboratory,  Aiken,  S.  C. 
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Figure  1.  Plan  of  tank  and  test  area 


Figure  2.  View  of  concrete-lined  foundation  for  tank 

2-  by  U-in.  wood  braces  was  filled  with  granular  boric  acid.  This  wall 
was  built  adjacent  to  three  sides  of  the  steel  tank  and  acts  as  a  shield 
for  capturing  neutrons  escaping  from  the  tank.  Interaction  of  the  neu¬ 
trons  with  the  boron,  however,  creates  additional  gamma  radiation.  This 
gamma  radiation  and  2.2-Mev  gammas  resulting  from  the  hydrogen  capture 
of  neutrons  in  the  water,  plus  those  from  fission  of  the  californium  it¬ 
self,  require  further  shielding.  It  was  necessary  that  a  36-in. -thick 
wall  of  solid,  high-density  concrete  blocks  sufficient  to  absorb  this 
energy  also  be  built.  Granular  boric  acid  was  spread  over  each  course 
of  layered  block  (Figure  3)  and  brushed  to  fill  joints.  This  concrete 
wall  surrounds  three  sides  of  the  tank.  A  10-  by  10- ft  floor  space  in 
front  of  the  unshielded  face  of  the  tank  serves  as  the  test  area.  The 
outer  perimeter  of  this  area  is  also  surrounded  by  the  extension  of  the 
boric  acid  and  concrete  walls.  Figure  ^  shows  the  completed  exterior 
wall  of  the  massive  concrete  block  shielding. 

Collimators 


10.  Several  special  design  features  were  essential  to  utilize  a 
particular  portion  of  the  radiation  available  from  the  californium-252. 

It  is  necessary  to  shield  other  undesired  radiation.  As  an  example,  to 
make  a  thermal  neutron  radiograph  of  the  moisture  distribution  in  a  soil. 
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Figure  3.  Early  stage  of  constructing  shield 
around  tank.  Note  courses  of  stacked  blocks 
with  boric  acid  placed  to  fill  Joints.  Plywood 
in  center  holds  a  U- in. -thick  vertical  wall  of 
boric  acid 


Figure  1*.  Exterior  view  of  shielded  test  area 
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a  maximum  thermal  neutron  flux  with  energy  levels  of  about  0.025  ev  was 
desired.  Thermal izat ion  (slowing  down)  of  the  higher  energy  neutrons  was 
required  plus  the  minimization  of  the  gamma  radiation  in  order  to  achieve 
the  desired  results.  The  water-filled  tank  was  therefore  selected  not 
only  for  shielding  of  the  neutrons  but  also  for  thermalizing  of  the  fast 
neutrons  from  the  californium  source  by  a  suitable  interval  of  water. 

11.  To  allow  a  controlled  beam  of  neutrons  from  the  tank  into  the 
test  area,  it  was  necessary  to  provide  an  8-in.-diam  port  in  the  tank 
face.  The  port  was  necessary  since  the  stainless  steel  caused  consid¬ 
erable  scattering  of  the  thermal,  neutrons  as  they  passed  through  the 
tank  wall.  A  l/8-in. -thick-walled,  6-in.-diam,  and  lU-in.-long,  alumi¬ 
num,  watertight  cylinder  was  bolted  into  the  tank  hole,  thus  allowing 
the  aluminum  cylinder,  which  is  relatively  transparent  to  neutrons,  to 
project  into  the  water  shield  as  shown  in  Figure  5  (upper  view  of  tank). 


Figure  5«  Upper  view  of  WES  neutron  water  tank  and  source 

positioning  apparatus 

A  collimator,  constructed  of  a  6-in.-diam,  borated,  water-extended  poly¬ 
ester  (WEP)  cylinder,  the  inside  of  which  is  conical  shaped,  was  built  to 
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be  inserted  into  the  aluminum  housing.  The  front  end  of  the  collimator 
has  a  5-in.-diam  opening  vhich  tapers  to  a  2-in.-diam  opening  at  the  rear 
end.  A  0.020-in. -thick  conical  sheet  of  cadmium  is  sandwiched  between 
the  VfEP  inner  face  and  a  lead  cone  having  1/4-in. -thick  walls.  A  2-in.- 
thick  block  of  bismuth  is  located  in  the  rear  of  the  collimator  to  mini¬ 
mize  the  gamma  radiation  from  fission  of  the  californium.  Three  feet 
of  shield  water  is  maintained  above  the  collimator  during  tests.  The 
collimator  is  a  somewhat  modified  version  of  the  one  designed  by  Barnes 
et  al.  at  Picatinny  Arsenal.* 


12.  The  collimator,  shown  in  Figure  6,  was  designed  to  allow 


Figure  6.  Front  view  of  collimator  used  in  neutron 
radiography  and  moisture  gaging 

neutron  thermalization,  plus  some  absorption  of  the  undesired  gammas  for 
neutron  radiography.  Such  shielding  reduces  the  gamma  content  to  toler¬ 
able  quantities  although  they  are  never  removed  entirely. 

Carriage  for  Positioning  of  Source 

13.  A  two-directional  carriage  with  a  vertical  plastic 

*  E.  G.  Barnes  et  al.,  "An  Experimental  Neutron  Radiography  System  Using 
Californium  252,"  Technical  Report  4629,  Mar  1974,  Picatinny  Arsenal, 
Dover,  N.  J. 
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source-holding  rod  allows  the  positioning  and  movement  in  the  tank.  A 
typical  setup  with  the  source  in  the  radiographing  position  is  shown  in 
Figure  5-  At  the  end  of  the  plastic  rod  is  a  1-in. -thick  by  2-3/^-in.- 
long  by  2-l/4-in.-high  plastic  block.  Two  1-1/2-in. -deep  holes,  each 
slightly  larger  than  the  diameter  of  one  of  the  sources  (3/8  in.  in 
diameter),  were  drilled  from  the  bottom  of  the  block.  Two  other  holes, 
approximately  1/8  in.  in  diameter,  were  drilled  from  the  top  of  the 
block.  The  above  design  allows  each  of  the  sources  to  be  raised  and 
secured  in  the  two  positioning  holes  with  a  nylon  braided  line.  The 
sources  can  then  be  moved  to  any  position  within  a  horizontal  plane  with 
the  two-directional  carriage.  Repositioning  the  sources  for  repeatable 
exposures,  if  desired,  can  be  easily  achieved.  Figure  7  shows  photo¬ 
graphs  of  the  plastic  rod  and  block.  One  source  is  shown  being  pulled 


Figure  7.  Plastic  source-holding 
block  at  end  of  vertical  rod.  SRCf- 
l8l  dummy  source  is  shown  suspended 
below.  This  is  pulled  upward  and 
locked 


into  position  for  test  purposes.  The  inset  shows  the  source  in  a  se¬ 
cured  position.  Figure  3  shows  a  schematic  diagram  of  the  positioning 
carriage . 


NYLON  ROPE  RUNNING 
BETWEEN  PULLEYS  TO 


Figure  8.  Schematic  of  mechanism  to  position  source 
in  horizontal  plane 


Electronics  and  Conveyor 

]h.  Experimentation  with  direct  quantitative  moisture  determina¬ 
tions  alone*  thin  soil  layers  necessitated  the  purchase  of  several  pieces 
of  electronic  equipment.  This  equipment  included  a  suitable  detector 
and  the  accompanying  electronic  counting  and  plotting  components  shown 
li agrammatical ly  in  Figure  9« 

19.  For  quantitative  moisture  determination,  a  procedure  different 
from  that  used  in  radiography  was  necessary.  Since  fast  neutrons  are 
attenuated  by  the  hydrogen  atom,  it  was  desirable  to  detect  and  record 
the  variation  produced  in  the  thermal  neutrons  in  counts  per  minute  (CPM) 
when  a  sample  was  bombarded  with  a  beam  of  fast  neutrons.  Since  the  CPM-1 
is  proportional  to  the  moisture  content  in  a  sample,  a  CPM-1  moisture 
content  calibration  curve  can  be  prepared  from  standard  soil  samples  of 
known  moisture.  This  curve  can  then  be  used  for  determining  the  moisture 
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Figure  9.  Diagram  of  electronic  system  for  neutron  counting 

and  plotting 

in  an  unknown  sample  through  a  CTM  of  thermal  neutrons  produced  from 
bombardment  by  a  fast  neutron  beam.  The  principle  utilized  in  moisture 
gaging  with  neutron  sources  has  been  described  and  reported  by  Helf  in 
a  report  presented  in  1972. * 

1 6.  Initial  research  was  therefore  directed  toward  determining 
moisture  content  through  a  neutron  scan  of  a  soil  core  encased  in  a 
3-in.-diam  standard  steel  sampling  tube.  Scanning  required  the  capa¬ 
bility  to  move  a  sample  through  a  narrow  neutron  beam  and  at  the  same 
time  record  the  desired  data  on  an  X-Y  plotter.  A  small  roller  type 
conveyor  with  an  electronic-controlled  activator  drives  a  sample  hori¬ 
zontally  across  the  beam  at  speeds  of  as  low  as  0.2  in. /min.  Thermal 


*  S.  Helf,  "Neutron  Gauging  Applicatons  Using  a  Small  252  Cf  Source," 
ANS  Special  Topics  Symposium  on  Applications  of  252  Cf,  Nov  1972, 
Austin,  Tex.;  Feltman  Research  Laboratory,  Picatinny  Arsenal,  Dover, 
N.  J. 


16 


neutron  CPM  resulting  from  scattering  of  the  beam  by  the  moisture  are 
automatically  detected  and  recorded  on  the  X-Y  plotter.  This  plotter 
and  the  conveyor  are  synchronized  for  a  1:1  printout,  thus  producing 
a  graphic  log  of  the  variation  in  CPM  and  moisture  content.  Figure  10 


Figure  10.  Typical  moisture  gaging  setup.  Note  vertically 
oriented  detector  and  horizontal  driving  mechanism  used  in 
scanning  steel-encased  soil  sample 


shows  a  typical  conveyor  scanning  operation  for  a  36-in. -long,  3-in.- 
diam  steel-encased  soil  core. 


Filter  System 

17.  An  additional  component  of  the  facility  is  a  filtering  system 
which  was  installed  in  order  to  demineralize  the  tap  water  used  for  the 
neutron  shield.  Changes  caused  by  irradiating  suspended  particles  in 
the  water  which  could  possibly  lead  to  unnecessary  additional  background 
radiation  are  minimized  in  demineralized  water.  Water  is  circulated  from 
the  lower  one-third  of  the  tank  and  carried  by  a  2-in.  PVC  pipe  to  the 
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Figure  11.  Water  filtering  system 
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filter.  It  is  there  passed  through  approximately  2  cu  ft  of  an  ion 
exchange  type  filter  (Permutit  M-101  resin),  and  then  through  1  cu  ft 
of  a  sand  filter  before  being  returned  to  the  tank. 

18.  To  avoid  corrosive  action  on  metals  by  the  demineralized 
water,  the  system  is  equipped  with  plastic  pipe,  a  fiberglass  filter 
housing,  and  a  corrosion-resistant  1-hp  pump.  The  tank  itself  is 
coated  with  two  layers  of  epoxy.  A  bypass  valve  installed  in  the  tank 
return  line  allows  for  lowering  the  tank  water  level  to  change  the 
collimator  whenever  necessary.  Such  changes  require  no  more  than  2  hr 
for  lowering  and  refilling.  Figure  11  shows  a  drawing  of  the  water  fil¬ 
tering  system. 


Safety  Features 

19.  Because  of  the  hazardous  nature  of  the  tests  involved,  several 
safety  devices  were  also  installed.  The  devices  include  a  bell  alarm 
system  that  activates  when  either  a  loss  of  water  (shielding)  or  an 
increase  in  radiation  occurs.  Figure  5  shows  the  top  view  of  the  tank 
and  the  radiation  detector  (upper  center).  A  red  warning  light  auto¬ 
matically  turns  on  when  neutror:  radiation  is  present  in  the  test  area. 
Access  to  the  test  area  is  only  through  positive  lock  controlled  doors. 
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PART  III:  EXPERIMENTAL  CAPABILITY 


20.  Development  was  directed  along  two  lines  for  utilization  of 
the  neutron  capability,  namely,  Neutron  Radiography  and  Quantitative 
Moisture  Gaging.  It  was  necessary  that  certain  modifications  in  approach 
and  in  accessory  equipment  be  made  in  each  area  of  study.  These  two 
areas  of  study  are  described  separately. 

Neutron  Radiography 

21.  Radiography  as  referred  to  in  this  report  is  essentially  the 
producing  of  an  image  on  film  which  will  result  from  the  differential 
absorption  of  the  neutrons  in  the  test  material.  In  the  ease  of  most 
soils  the  most  common  element  present  with  a  high  mass-at sorption  coeffi¬ 
cient  for  thermal  neutrons  is  hydrogen.  Consequently,  a  film  showing 
zones  of  high  thermal  neutron  absorption  in  a  soil  generally  indicates 
the  presence  of  hydrogen.  These  zones  occur  primarily  as  the  result 

of  the  hydrogen  constituent  in  the  soil  pore  water  although  in  some 
cases  organic  matter  in  the  soil  or  water  of  crystallization  may  pro¬ 
duce  such  zones.  The  absorption  in  radiography  will  result  in  a  film 
image  showing  the  relative  distribution  of  moisture  in  the  sample. 

22.  Several  avenues  were  investigated  at  the  outset  to  determine 
the  best  equipment  and  procedures  to  use  to  achieve  the  most  reliable 
image.  All  methods  utilized  a  direct  conversion  screen  for  producing 
these  radiographs.  This  involves  the  use  of  a  thermal  neutron-sensitive 
screen  capable  of  emitting  either  low-energy  X-rays  or  light  when  bom¬ 
barded  by  thermal  neutrons.  The  production  and  intensity  of  such  sec¬ 
ondary  radiation  are  dependent  upon  the  quantity  of  thermal  neutrons 
able  to  penetrate  the  moisture  and  bombard  the  screen.  The  penetration 
of  such  thermal  neutrons  is  therefore  a  function  of  the  quantity  of 
moisture  present  in  the  sample  being  radiographed.  Three  different 
screens  were  used  in  the  experiments  to  determine  the  highest  quality  of 
radiographic  image  produced.  These  consisted  of: 
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a.  A  3-1/4-  by  4-1/4-in.  lithium  iodide-zinc  sulfide 
scintillation  screen. 

b.  A  4-  by  5-  by  0. 001-in. -thick  gadolinium  metal  foil. 

£.  A  14-  by  3  7-in.  sapphire-coated,  vapor-phase-deposited 
gadolinium  on  a  polished  aluminum  plate. 

23.  Experiments  with  the  three  screens,  utilizing  Kodak  type  AA, 
M,  and  single  emulsion  tjv-  R  film,  were  conducted  to  determine  the  best 
combination  for  detailed  study  of  soil  moisture  distribution.  It  was 
required  that  capabilities  be  such  as  to  produce  a  i4-  by  17-in.  image 
of  the  sample  being  radiographed. 

24.  The  scintillation  screen  provided  lower  exposure  time,  but 
lacked  some  of  the  desired  detail.  The  gadolinium  foil  produced  the 
best  image,  although  a  considerably  longer  exposure  time  was  required. 
Limits  on  sizes  of  gadolinium  foil  available,  however,  necessitated 
the  final  purchase  of  a  14-  by  17-in.  vapor-phase-deposited  gadolinium 
screen.  This  screen  has  produced  the  best  images  to  date  with  a  single 
emulsion  Kodak  type  R  film.  Such  exposures,  however,  require  up  to 

16  hr  for  3/8-in. -thick  samples,  or  even  more  when  thicknesses  are  as 
great  as  3  in.  in  diameter.  This  exposure  time  can  be  reduced  somewhat 
by  using  faster  but  slightly  more  grainy  film  such  as  Kodak  type  AA. 

One  undesirable  feature,  however,  is  that  AA  film  is  more  sensitive  to 
exposure  from  gamma  radiation. 

25*  Early  radiographic  experiments  dealt  primarily  with  3/8-in. - 
thick  soil  simples  wrapped  in  aluminum  foil.  Good  results  were  obtained 
by  using  a  gadolinium  foil  screen,  a  type  R  film,  only  one  source  (3.6 
mg),  and  a  source-to-film  distance  of  30  in.  The  source  was  centered 
1  in.  from  the  re^r  of  the  collimator  for  a  l6-hr  exposure.  Figure  12 
shows  a  comparison  of  neutron  and  x-radiographs .  The  reversal  of  ab¬ 
sorption  characteristics  is  evident  in  some  zones.  The  light  area  (l) 
in  the  X-radiograph  is  a  zone  of  high  film  density  and  generally  indi¬ 
cates  a  zone  of  low  soil  density.  This  same  zone  (?)  (darker  in  the 
neutron  radiograph)  shows  a  high  absorption  of  neutrons  and  thus  a  high 
moisture  content. 

26.  Figure  13  is  another  example  of  3/8-in. -thick  soil 
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Figure  12.  Comparison  of  X-ray  and  neutron 
absorption  in  3/8-in. —thick  soil  slab 
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Figure  13.  Photograph  and  radiographs  of  3/8-in. -thick  soil  sample 


radiographs.  Laboratory-determined  moisture  contents  shown  in  the  figure 
were  plotted  for  correlation  purposes  against  an  average  film  density  for 
the  corresponding  zone.  This  moisture-film  density  curve  is  illustrated 
in  Figure  lU  and  shows  a  good  correlation  between  the  two  parameters. 


Figure  lU.  Film  density  versus  moisture  content  from 
3/8-in. -thick  soil  sample 

27-  Other  radiographic  experiments  dealt  with  unopened  soil  cores. 
This  first  involved  the  preparation  of  a  series  of  laboratory  soil  stan¬ 
dards  for  use  as  references  to  known  properties.  Each  standard  was  com¬ 
pacted  in  3-in.-diam  by  12-in. -long  shelby  tubes.  The  steel  tube  wall 
thicknesses  are  approximately  1/8  in.  The  moisture  content,  wet  density, 
and  dry  density  were  determined  for  each  during  preparation.  The  samples 
were  sealed  to  prevent  moisture  evaporation.  Table  3  gives  the  engi¬ 
neering  properties  of  each  tube  established  as  a  standard  for  these 
radiographic  experiments. 

28.  Neutron  and  x-radiographs  were  made  of  each  of  the  above 
standards  for  comparison  of  variations  in  images  caused  by  the  absorption 
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of  the  two  types  of  radiation.  A  comparison  is  shown  in  Figure  15.  The 
x-radiograph  was  made  on  Kodak  type  M  film,  at  a  focal  distance  of  10  ft, 
250  kv,  10  ma,  and  for  exposure  lasting  3  min.  The  neutron  radiograph 
was  made  with  Kodak  type  R  (single  emulsion)  film,  with  a  source-to-film 
distance  of  liO  in.  (L:D  ratio  20),*  a  source-to-rear-of-collimator 
distance  of  1  in.,  and  a  l6-hr  exposure  time. 

29.  An  analysis  of  some  of  the  neutron  radiographic  images  of  the 
soil  standards,  using  an  Image  Quality  Indicator  (IQI)  and  also  a  Beam 
Purity  Indicator  (BPI),**  shows  a  relatively  good  thermal  and  epithermal 
neutron  contribution.  Some  gamma  radiation  is  present,  however,  but 
apparently  is  of  little  film  contribution.  Such  gamma  contribution  was 
lowest  when  using  the  less  gamma-sensitive  film  such  as  Kodak  single¬ 
emulsion  type  R. 

30.  The  experiments  with  the  standards  and  several  unknown  samples 
show  that  neutron  radiography  does  have  considerable  applicability  to 
soil  studies.  Variations  in  moisture  content  and  its  distribution  can 

be  located  and  identified  with  no  difficulty  in  thin  ( 3/8-in. -thick ) 
soil  slabs.  Quantification  of  this  moisture  content  through  controlled 
film  density  measurements  also  is  feasible  in  the  thin  soil  sections. 
Further  research,  however,  must  be  performed  before  the  correlation  of 
these  film  densities  versus  moisture  content  of  thicker  samples,  such 
as  in  a  3-in.  steel-encased  soil  standard,  can  be  established. 

Moisture  Gaging 

31.  Direct  moisture  gaging  experiments  were  conducted  primarily 
for  studying  the  applicability  of  existing  techniques  for  quantitative 
gaging  of  moisture  along  thin  discrete  soil  layers.  Research  with  neu¬ 
trons  by  others  has  demonstrated  the  use  of  fast  and  thermal  neutrons 
in  bulk  moisture  determination  on  soils  and  canned  foods. 

32.  Several  approaches  were  considered  in  this  project  prior  to 


*  L  =  distance  from  rear  of  collimator  to  film,  D  =  diameter  of  small 
opening  of  collimator. 

**  Beam  Purity  Indicator  currently  under  study  by  ASTM  committee  E705. 
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Figure  15.  Comparison  of  x-  and  neutron  radiographs 
of  standard  soil  samples 
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determining  the  most  applicable  method  for  the  moisture  gaging  studies. 
The  first  experiments  subjected  the  soil  standards  to  a  fast  neutron 
beam.  Bombardment  of  the  standards  with  fast  neutrons  produced  two 
possible  methods  for  moisture  gaging.  Many  of  the  fast  neutrons  were 
absorbed  by  the  moisture  in  the  sample.  At  the  same  time  thermal  neu¬ 
trons  from  scattering  were  produced  by  the  collision  of  neutrons  with 
hydrogen  atoms  in  the  soil  pore  water.  Consideration  of  both  methods 
led  to  the  decision  to  concentrate  on  the  thermal  neutron  detection 
method  in  which  a  neutron  f].ux  will  increase  in  proportion  to  an  increase 
in  moisture  in  a  sample  being  bombarded  with  a  fast  neutron  beam.  A 
count  of  the  thermal  neutrons  from  a  fast  neutron  beam  bombarding  a 
sample  with  no  moisture  can  first  be  recorded.  Any  additional  count 
of  thermal  neutrons  from  a  sample  containing  moisture  is  a  result  of 
thermalization  of  fast  neutrons  by  collisions  with  the  hydrogen  atoms  in 
the  water.  Since  such  scattered  neutrons  are  being  emitted  in  every 
direction  (spherical),  the  detector  can  be  placed  at  a  90-deg  position 
to  the  fast  beam,  thus  avoiding  excessive  undesired  radiation  in  the  path 
of  the  beam. 

33.  The  soil  standards  were  bombarded  with  a  fast  neutron  beam  and 

monitored  to  prepare  a  calibration  curve  of  thermal  neutron  CPM  versus 

the  actual  laboratory-determined  moisture  contents  for  the  standards. 

Figure  16  shows  one  of  many  curves  prepared  during  experiments  to  deter- 
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mine  optimum  CPM  with  relation  to  the  location  of  Cf  in  the  tank.  By 
reading  the  thermal  neutron  CPM  of  an  unknown  sample  of  the  same  size 
as  the  standard  being  bombarded  by  a  fast  neutron  beam,  the  percent 
moisture  present  can  be  determined  from  the  calibration  curve. 

3^.  To  concentrate  on  a  thin  soil  layer,  it  was  necessary  to 
shield  all  but  a  small  opening  for  passage  of  the  fast  beam  and  also 
for  the  detection  of  the  scattered  neutrons.  This  procedure  consisted 
of  reversing  the  collimator  in  the  housing  with  the  2-in.-diam  opening 
being  placed  at  the  front.  A  2-in. -thick  borated  WEP  disk  was  placed 
in  front  of  the  collimator.  A  l/U-in.-wide  by  2-in.  vertical  slit  was 
cut  from  the  center  of  the  2-in. -thick  disk  to  allow  a  somewhat  more 
restricted  fast  neutron  beam  to  bombard  the  sample.  The  thermal 
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Figure  16.  Calibration  curve  determined 
from  soil  standard-' 

neutrons  produced  by  scattering  were  then  detected  with  the  boron  tri¬ 
fluoride  (BF^)  tube  located  90  deg  from  the  beam  as  shown  in  Figure  10. 

35.  For  a  typical  scan  of  an  unknown  sample,  a  calibration  curve 
prepared  from  the  standards  is  first  recorded  and  automatically  plotted 
on  an  X-Y  plotter  for  reference.  It  is  necessary  that  both  the  unknown 
sample  and  the  standards  used  for  calibration  be  of  the  same  thickness 
and  in  similar  containers. 

36.  The  sample  with  an  unknown  moisture  content  was  then  moved 
across  the  fast  neutron  beam.  The  BF^  detector  counted  the  thermalized 
neutrons  and  automatically  plotted  the  CPM  on  the  X-Y  plotter.  The 
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speed  of  the  conveyor  and  the  plotter  was  synchronized  for  a  1:1  print¬ 
out  on  the  plotter.  Figure  17  is  an  example  of  one  scan  of  an  unknown 
sample,  along  with  corresponding  neutron  and  x-radiographs.  A  quick 
reference  at  any  CPM  on  the  graphic  log  will  provide  a  corresponding 
moisture  content  for  that  point  based  on  the  standard  calibration  curve. 

37.  Laboratory  test  data  of  the  samples  investigated  to  date  indi¬ 
cate  that  the  accuracy  of  such  scans  can  be  refined  to  an  acceptable 
degree  for  moisture  determinations  of  the  thin  layers  desired.  Further 
refinement,  however,  of  this  method  must  be  carried  out  to  achieve  this 
goal.  All  experiments  show  definite  correlation  between  CPM  of  the  ther¬ 
mal  neutrons  detected  and  the  actual  moisture  content. 
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PART  IV:  POTENTIAL  DEVELOPMENTS  AND  APPLICATIONS 


38.  A  ca4w-ility  has  been  demonstrated  for  quantitative  mois¬ 
ture  determination  in  earth  materials.  Thus  far,  two  procedures  are 
available — radiographic  imaging  and  neutron  counting. 


Developments 


39.  There  are  two  problems  in  working  with  neutron  radiographs — 
the  very  long  time  needed  for  exposures,  often  16  hr  and  longer,  and  the 
contribution  of  gamma  radiation  in  the  neutron  image. 

1+0.  The  problem  with  excessive  exposure  time  may  be  resolved  by 
two  possible  means: 

a.  Image  Intensification.  Instead  of  registering  an  image 
directly  on  film  using  screens,  the  image  may  be  pro¬ 
cessed  through  an  image  intensifier.  This  device  allows 
a  neutron-generated  image  to  excite  electrons  on  a  sensi¬ 
tive  plate.  The  electrons  are  accelerated  in  a  magnetic 
field  and  register  a  stronger  image  on  a  fluorescent 
viewing  screen.  A  further  accentuation  of  the  image  can 
be  made  on  a  TV  screen  by  electronically  superimposing 
and  summing  repeated  images.  Such  a  system  will  allow 
direct  viewing  and  rapid  interpretation  of  specimens. 

b.  The  Californium  Multiplier.  Techniques  are  under  develop¬ 
ment  whereby  the  californium-252  may  be  brought  into  a 
subcritical  uranium  assembly  in  which  it  will  initiate 

a  chain  of  fission  events  that  will  generate  additional 
neutrons.  Such  an  assembly  is  probably  capable  of  boost¬ 
ing  neutrons  emissions  by  several  tens  of  times.  This 
temporarily  enhanced  neutron  radiation  may  make  quick 
images  possible  with  current  film  and  screen  techniques 
or  it  may  be  used  with  image  intensification  devices. 


1+1.  Gamma  radiation  also  is  a  solvable  problem.  Preceding  sec¬ 
tions  of  the  report  have  shown  how  gamma  radiation  can  be  mitigated 
through  shielding.  Although  it  can  never  be  removed  altogether,  tech¬ 
niques  may  be  developed  whereby  gamma  effects  are  measured  and  then 
removed  from  the  image  by  a  subtraction  process. 

1+2.  An  area  that  has  not  yet  been  mentioned  is  that  of  neutron 
activation  analysis.  This  area  is  a  logical  extension  of  the  present 
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installation  through  neutron  bombardment  of  a  sample  whereby  secondary 
gammas  are  emitted.  These  gammas  have  spectral  components  which  are 
determined  by  the  chemical  elements  that  generate  them;  thus,  they 
provide  signatures  for  the  component  parts  of  the  sample  and  may  be 
summed  to  provide  a  quantitative  assessment. 

43.  Density  of  a  sample  may  be  assessed  either  by  monitoring  the 
secondary  gammas  that  are  emitted  after  neutron  bombardment  or  by  mea¬ 
suring  the  absorption  of  primary  or  secondary  gammas  radiated  from  the 
californium  tank.  The  possibility  exists  that  the  tracking  system  for 
examination  of  undisturbed  cores  may  provide  simultaneously  a  soil- 
density  and  a  moisture  profile. 

Applications 

The  californium-252  source  has  applications  in  the  following 

a.  Examining  patterns  of  moisture  inhomogeneities  in 
materials. 

b.  Quantifying  the  presence  of  moisture  nondestructively. 

£.  Monitoring  the  density  of  materials, 
d.  Examining  the  chemical  composition  of  materials. 

A  few  possible  problems  that  may  be  studied  with  this  new 
are: 

a.  The  movement  of  fluids  in  models. 

b.  Mobilization  of  moisture  during  shear,  swelling,  ballistic 
penetration,  etc. 

c_.  Improved  moisture  and  density  values  for  soil  liquefaction 
studies. 

d.  Determination  of  incipient  cementation  of  sands  by  iron, 
calcium,  and  magnesium,  or  of  incipient  carbonate  cemen¬ 
tation  in  clays. 

e.  Assessment  of  stabilization  chemicals  in  soils. 

46.  Improved  capabilities  with  both  X-ray  and  neutron  imagery  may 
provide  spectrally  selected  images  of  secondary  gamma  emission  which 
would  be,  in  effect,  pictures  of  the  relative  abundance  of  specific 
chemical  elements  in  a  sample. 


44. 

areas : 


45. 

capability 


31 


1*7.  Another  area  for  further  improvements  is  in  three-dimensional 
imagery  with  the  possibility  that  pseudoholograms  may  be  produced  of 
penetrating  radiation  by  conversion  to  lasers. 


PART  V:  SUMMARY  AND  CONCLUSIONS 


1*8.  The  purpose  of  this  study  was  to  investigate  and  develop  the 
technology  for  assessing  the  accuracy  and  general  applicability  of  neu¬ 
tron  radiation  for  detailed  studies  of  soil  and  rock.  An  essential  part 
of  this  effort  was  the  development  of  a  laboratory  installation  suitable 
for  the  storage  and  use  of  a  neutron-emitting  isotope. 

1*9.  Earlier  studies  of  the  internal  features  of  soil  and  rock  at 
WES  were  conducted  with  X-rays.  These  studies  led  to  the  development  of 
techniques  and  procedures  to  provide  detailed  knowledge  of  the  effects 
that  such  features  have  upon  engineering  properties  of  soils.  These 
earlier  studies,  however,  dealt  primarily  with  variations  as  reflected 
by  the  absorption  of  X-rays.  X-rays,  however,  are  relatively  insensitive 
to  moisture  in  soils.  Yet  it  is  known  that  moisture  also  is  an  important 
parameter  in  the  engineering  properties  of  soils.  It  was  deemed  neces¬ 
sary,  therefore,  to  complement  the  detailed  X-ray  studies  with  neutron 
studies  of  moisture  distribution  in  soils.  Neutrons  are  readily  moder¬ 
ated  or  attenuated  by  hydrogen  in  water  and  as  such  have  been  used  for 
many  years  in  bulk  sample  moisture  determinations. 

50.  In  1971*  WES  acquired  approximately  10  mg  of  calif ornium-252 
for  use  in  these  more  detailed  nondestructive  moisture  studies.  This 
isotopic  source  was  selected  primarily  because  of  the  relatively  large 
number  of  neutrons  emitted  (2.3  x  1010  neutrons/sec /10  mg),  its  small 
size  (3/8  in.  in  diameter  by  1-1/2  in.  long),  and  its  relatively  long 
half-life  of  2.65  yr. 

51.  A  6-  by  6-  by  12-ft-deep,  water-filled,  stainless  steel  tank 
was  constructed  for  housing  the  californium  jource.  Three  sides  of  the 
tank  were  shielded  with  U  in.  of  boric  acid  and  36  in.  of  concrete.  A 
10-  by  10-ft  test  area  immediately  in  front  of  the  fourth  side  was  used 
for  neutron  radiography  and  moisture  gaging.  This  area  was  also  shielded 
with  boric  acid  and  concrete. 

52.  Two  goals  are  of  primary  importance.  They  are  the  developing 
of  techniques  for  preparing  neutron  radiographs  of  moisture  distribution 
and  the  instrumentation  of  nondestructive  moisture  gaging  of  soils. 
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53.  For  testing  purposes  the  sources  are  raised  to  i  three- 
dimensional  carriage  and  positioned  at  the  rear  of  a  lh-in.-long  by 
6-in.-diam  collimating  tube  of  aluminum.  Depending  upon  the  test  to  be 
conducted,  whether  radiography  or  gaging,  a  collimator  is  inserted  into 
the  open  end  of  the  tube  to  produce  the  desired  beam.  This  insert  con¬ 
sists  of  a  6-in.-diam  by  l^-in.-long  cylinder  having  an  inner  conical 
shape.  Soil  samples,  some  of  which  measure  up  to  3  in.  in  diameter,  are 
enclosed  in  steel-walled  sample  tubes  and  are  radiographed  to  determine 
internal  moisture  distribution. 

5^.  For  radiographing  specimens,  a  direct  conversion  screen  is 
placed  next  to  the  film  in  the  film  holder  for  exposure.  Length  of  ex¬ 
posure  time  varies  considerably ,  depending  upon  the  thickness  of  sample. 
Generally  a  l6-hr  exposure  with  Kodak  AA  film  produces  a  good  image. 
Longer  exposures  with  Kodak  single-emulsion  type  R  film,  however,  have 
proved  to  give  the  best  neutron  image. 

55.  In  assessing  the  accuracy  of  moisture  gaging  by  scanning  the 
longitudinal  axis  of  3-in.-diam  steel-encased  soil  cores,  the  system 
utilizes  a  small  conveyor  and  drive  mechanism  for  moving  3-in.  tubes 
and  samples  through  a  beam  of  fast  neutrons.  A  BF^  detector,  located 
at  90  deg  to  the  beam,  detects  an  increase  in  thermalized  neutrons 
scattered  by  the  moisture  in  the  samples.  The  CPM,  which  is  proportional 
to  moisture  content,  is  automatically  plotted  on  a  variable-speed  chart 
recorder.  Speed  of  the  sample  and  chart  recorder  is  synchronized  for 

a  1:1  reading  and  printout.  This  produces  a  graphic  illustration  of  the 
variation  in  moisture  content  along  the  tube.  Calibration  of  the 
equipment  is  performed  by  using  standard  laboratory-prepared  soil  samples 
of  known  density  and  moisture  encased  in  3-in.-diam  steel  sample  tubes. 

A  moisture  content  versus  CPM  calibration  curve  is  prepared. 

56.  Experiments  conducted  under  this  project  on  both  standard 
and  unknown  soil  samples  show  that  neutron  radiography  does  have  con¬ 
siderable  applicability  to  soil  studies,  especially  in  defining  distri¬ 
bution  of  moisture  within  a  sample.  Quantification  of  moisture  from 
film  densities  is  also  feasible  in  3/8-in. -thick  samples.  However, 
quantification  through  film  density  measurements  of  samples  3  in.  or 


greater  in  thickness  will  require  further  research  and  development. 

57.  Laboratory  testing  shows  that  moisture  gaging  of  unopened 
3-in.  steel-encased  soil  samples  through  scanning  with  a  fast  neutron 
beam  is  achievable.  Further  refinements  are  also  necessary,  however,  to 
produce  the  desired  degree  of  accuracy  for  moisture  gaging  of  thin,  dis¬ 
crete  soil  layers. 
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Table  1 

Neutrons  from  Spontaneous 
Fission  of  2$2Cf» 


Energy 

Mev 


Total  Neutron 
Emission  per  second 
from  a  10-mg  Source 
9 

9 


0-0.5 

2.8  x 

10 

0. 5-1.0 

3.7  x 

10 

1. 0-2.0 

7.6  x 

10 

2. 0-3.0 

4.6  x 

10 

3. 0-4.0 

2.8  x 

10 

4. 0-5.0 

1.6  x 

10 

5. 0-6.0 

VJ1 

• 

o\ 

X 

10 

6. 0-7.0 

4.0  x 

10 

7. 0-8.0 

1.3  x 

10 

8.0-10.0 

9.9  x 

10 

10.0-13.0 

2.2  x 

10 

Total  2.4  x  10 


10 


*  D.  H.  Stoddard  and  H.  E.  Hootman,  "252 
Cf  Shielding  Guide,"  Research  and  Devel¬ 
opment  Report  DP-1246,  1971,  U.  S. 

Atomic  Energy  Commission,  Savannah  River 
Laboratory,  Aiken,  S.  C. 
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Energy 

Mev 

0-0.5 

0. 5-1.0 

1.0-1. 5 

1. 5-2.0 

2.0-2. 5 

2. 5- 3.0 
3.0-3. 5 

3. 5- U.O 
U.0-U.5 

1. 5- 5.0 
5. 0-5. 5 

5. 5- 6.0 

6.0-6. 5 


Prompt 
3.3  x 
1.7  x 

7-7  x 

1.2  X 

2.2  x 

1.1  x 

5.6  X 
3.0  X 

1.7  x 

8.2  X 

1.9  x 

1.8  X 
1.0  X 


Gammas 

,rt10 
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Table  3 

Engineering  Properties  of  Soil  Standards 
for  Radiographic  Experiments 


Moisture 

Wet 

Dry 

Soil 

Soil 

Content 

Density 

Density 

Standard  No. 

Type 

percent 

lb/cu  ft 

lb/cu  ft 

h-A 

CH 

9.5 

96.2 

88.5 

k-B 

CH 

15.5 

111*. 2 

98.9 

k-C 

CH 

29.5 

118.2 

91.1+ 

5-A 

CL 

5.9 

100.2 

9U.6 

5-B 

CL 

12.8 

126.2 

111.9 

5-C 

CL 

17.8 

129.6 

110.0 

6 -A 

ML 

3.2 

92.2 

89.3 

6-b 

ML 

9.3 

99-2 

90.8 

6-C 

ML 

11.8 

117.  U 

105.0 

1  U  IM.K  »»  <Vt  *nft."» 


APPENDIX  A:  DETAILED  PLANS  OF 
THE  CALIFORNIUM-252  FACILITY 
AND  COMPONENTS 
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RADIOLOGICAL  WING 
10-MG  CALIFORNIUM-252 
SOURCE  BUILDING 

EXT  TO  BLOG  1006 


PLATE  A7b 
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TANK  DETAILS 


10 -MG  CALIFORNIUM -252 
SOURCE  BUILDING 

EXT  TO  BLDG  1006 
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STAINLESS  STEEL  TANK 
FOR  CALIFORINIUM  *  252 
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ROLLER  CONVEYOR 
FOR  3-IN.  AND  6-IN.-DIAM 
SOIL  SAMPLE  SCANNING 
CALIFORNIUM 
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In  accordance  with  Bt  70-2-3,  paragraph  6c(l)(b), 
dated  15  February  1973,  a  facsimile  catalog  card 
Is  Library  of  Coogreea  fonat  la  reproduced  below. 
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